Scanning confocal laser microscopy (SCLM) and fluorescent molecular probes were used to evaluate the effect of the fluoroquinolone fleroxacin on the architecture of established Pseudomonas fluorescens biofilms.
The efficacy of antimicrobial agents against surface-associated bacteria has been the subject of much medical and industrial concern. Attempts to evaluate the effectiveness of target compounds have primarily consisted of viable-cellculture methodology (kill curves) (1, 25, 27, 32) ; however, visual indicators have potential for evaluating antibiotic effectiveness in microbial samples. A number of compounds (vital redox dyes and fluorogenic substrates) have been used to estimate bacterial metabolic potential in environmental sam- ples. Cyanoditolyl tetrazolium chloride, 2-(p-iodophenyl)-3-(pnitrophenyl)-5-phenyl tetrazolium chloride, nalidixic acid, fluorescein diacetate, and resazurin have all found applications during studies of cell metabolic activity (2-4, 8, 26, 29, 31, 35) . Acridine orange (AO) is a commonly utilized fluorescent compound which specifically interacts with DNA and RNA by intercalation or electrostatic interactions and, on the basis of the configuration and concentration of the nucleic acids, strongly emits fluorescence in either the green or the red spectrum (emission maxima, 526 and 650 nm). The color of AO fluorescence has been used to estimate cellular viability, as distinctive RNA/DNA ratios and fluor-nucleotide configurations result from different growth or study conditions (13) . However, inconsistencies in published results exist, with both viable and nonviable control cells reportedly emitting red fluorescence following AO treatment (2, 13, 19) . Overall, few fluorescent indicators have been applied to in situ analysis of mature biofilms; therefore, there remains a need for these procedures to be refined or adapted for biofilm control applications.
Quinolone compounds target the A subunit of DNA gyrase, an enzyme responsible for supercoiling bacterial chromosomal DNA (9, 10) . Bacteria which have incorporated these compounds are unable to supercoil their DNA, and therefore the nucleic acids in quinolone-treated cells are loosely coiled and significantly different from those in untreated cells. Molecular probes sensitive to nucleic acid configuration (e.g., AO) have potential for detecting the activity of gyrase-specific inhibitors. The present study involved exposing established Pseudomonas fluorescens biofilms to fleroxacin, thereby inhibiting the normal replication of DNA within biofilm bacteria susceptible to the compound. The effect of fleroxacin was then evaluated with respect to biofilm architecture and cellular morphology. The mechanism of quinolone activity also allowed the use of AO as a specific indicator of fleroxacin-affected bacteria.
P. fluorescens CC-840406-E was cultured in 0.3% (wt/vol) Trypticase soy broth (Difco Laboratories, Detroit, Mich.). Biofilm studies were initiated by inoculating 10-channel flow cells with log-phase cells obtained from 50-ml batch cultures grown in flasks on a gyratory shaker at 23 ± 2°C (22) . Flow cells with internal channel dimensions of 1 by 3 by 45 mm were milled from a single piece of Lexan plastic; sterilization and inoculation of the flow cells were performed as previously described (23 (6, 7, 20) .
Optical thin sections were obtained with an MRC-600 Lasersharp fluorescence scanning confocal laser system (BioRad Microscience, Mississauga, Ontario, Canada) mounted on a Nikon FXA microscope equipped with a 60 x, 1.4 numerical aperture objective (7, 21 ). An argon laser operated at 50 mW and 1% beam transmission was used as the excitation source for the fluorescein and AO fluorescent molecular probes. Simultaneous dual-channel imaging of green and red fluorescence from AO-treated samples involved the use of dual photodetectors and filter sets (540 DF 30 nm and EF 600 LP nm, respectively), whereas fluorescein imaging utilized fluorescence detection in the green spectrum (515 LP nm). Dualchannel and single-channel xy (horizontal optical thin section) and xz (vertical optical thin section) imaging was performed as previously reported (21, 25, 33) .
The laser microscope system was integrated with a motorized, computer-controlled focusing system for vertical positioning during laser sectioning of biofilms, as well as a programmable xy stage system which defined the horizontal positioning. Optical thin sections from five depths within the biofilm (0, 3.7, 7.4, 11.1, and 15.0 p.m from the attachment surface) were obtained from replicate locations for image analysis purposes. During the image acquisition process, the mean depths of the treatment and control biofilms were determined at random locations (n = 80). Control and fleroxacin-treated biofilms were then analyzed at different depths for cell biomass, cell aggregation, cell morphology, and wavelength of fluorescence emission (i.e., red or green fluorescence) by using either the image analysis software provided by Bio-Rad or an IBAS-2000 image processing computer (Kontron, Eching, Germany) (22) . The aggregation index (Al) parameter was determined by dividing the total area of bacterial biomass measured for each sampling depth by the total number of bacterial aggregates. Aggregates were identified and enumerated by using computer image analysis at a constant thresholding level (7 20- to 40-pum intervals (Fig. 1A) . This arrangement of cells and channels likely facilitated the diffusion of nutrients, oxygen, and wastes into and out of the biofilm matrix (11, 21, 24, 25) . Image analysis of 48-h control biofilms revealed that the distribution of cellular biomass (in square micrometers) was lowest at the base, becoming increasingly dense further from the attachment surface and ranging from 301 ± 71 p.m2 at the 0-p.m sampling depth to 886 ± 180 pLm2 at the 15-p.m sampling depth (Fig. 2) . This trend agreed with the tendency of the biofilm cells to form dense aggregates at regions further from the base of the biofilm (correlation coefficient = 0.959; r2 = 0.919), as determined by using the Al parameter (Fig. 2) . The presence of diffuse basal regions has previously been observed in biofilms during comparative studies between motile and nonmotile strains of P. fluorescens, in which biofilms formed by motile P. fluorescens were observed to develop zones near the base of the biofilm which possessed less cell material than was present in overlying cell layers (21, 24) . Potential advantages of maintaining a minimal basal layer of cells within microbial films have previously been suggested (21, 25) , and they include the enhanced diffusion of essential nutrients to these regions, as well as the removal of inhibitory waste products.
The control biofilms increased in depth from a mean value of 32 ± Consequently, the total biomass area from all sampling depths was greater for the control biofilms than for fleroxacin-treated biofilms (3,647 versus 2,599 jim2, respectively). Furthermore, the Al was in agreement with other indications that the fleroxacin-treated biofilms consisted of more evenly distributed cells, with control AI values exceeding those determined for the fleroxacin biofilms by a factor of -2 at the attachment surface and by a factor of >3.5 at a distance of 15 jim from the attachment surface (Fig. 2) . There was no statistically significant correlation between the tendency of cells within fleroxacin-treated biofilms to aggregate and sampling depth (correlation coefficient = -0.604; r2 = 0.365). Pas aeruginosa biofilms, in which a mean biobiofilm, with the greatest amount of cell elongation occurring Lm was measured but depths ranged from 13.3 near the biofilm-liquid interface. Bacteria positioned at the As channels were consistently observed in P.
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In addition to inducing cell elongation, fleroxacin also caused some cells to undergo a gross morphological change, resulting in massive, rounded cells apparently unable to divide but capable of significant growth. These pleomorphic cells were mainly oval and were observed singly and not in groups. Elongated and rounded cells were not detected at any depth or (Fig. 3) . In contrast, cells within the control biofilms were consistent with depth, with >99% of the cells at the 0-, 3.7-, 7.4-, 11.1-, and 15-p.m sampling depths emitting green fluorescence (Fig. 3) . Overall, the zones where fleroxacin-induced cell elongation was most prevalent were the regions where the greatest percentage of red fluorescence-emitting cells were detected ( Fig. 3 and 4) . Earlier studies have shown that when the permeability of the cell outer membrane was increased by using Triton X-100, an increase in the number of orange or red AO-stained cells from 5 to 60% was observed (30 provided a mechanism for identifying fleroxacin-affected cells, the specificity of which was confirmed by using a secondary visual indicator, the occurrence of elongated cells unable to divide.
